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ATLAS laser – is there a “better” way? 
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Definition 
•  Monolithic - cast as a single piece OR 
constituting an undifferentiated and often 
rigid whole  
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Monolithic laser advantages 
Parameters! Single element monolithic laser and multi-element laser array!
Spectral! DFB/DBR helps with spectral narrowing, spectral stability and single frequency operation.!
Spatial! Thermal lens and passive q-switching provides soft aperturing to ensure high beam quality!
Temporal! Short cavity means short optical pulses!
Energy/Power! Design to produce 50 µJ; also per design to produce 8.4 kHz - average power ~0.42W!
Repetition Rate! Pump power driven, also affected by Yb concentration, need iterative processes to optimize concentration for gain and rep rate!
Passive QS! Discrete SA element or co-dope with Yb in PTR, no high voltages as in Active QS!
Coatings! Bragg mirrors serve as high reflector and output coupler, no coating except for AR to minimize Fresnel reflection for pump and lasing wavelength, avoid the issue of optical damage to coating.!
Nonlinear Effects! No detrimental nonlinear effects!
Reliability! Use highly fiber coupled pump lasers used in telecom industry.  Multiple lasers mean losing one laser can still do majority of science - built in redundancy.!
Pump configuration! Fiber coupled pumps for compact and robust design.  Using microlens array for coupling pump light into laser array.!
Laser Cavity! Closed cavity immunes to contamination inside laser cavity, which usually has the highest fluence.  Monolithic design to minimize number of components.!
Pointing Stability! End gratings formed the lasing axis, thermal lensing and soft aperturing from PQS provides additional pointing stability!
Alignment Sensitivity! Monolithic design means robustness.   No to low misalignment concerns with laser resonator.!
Thermal Control!
Will examine the use of embedding loop heat pipes (LHP) or microchannel cooler(MCC) into the 
laser array for efficient thermal management. LHP has been used successfully in spaceflight 
lasers and MCC has been used extensively in packaging of high power semiconductor laser arrays!
5!
Monolithic Lasers in Use Today 
Semiconductor Lasers! Fiber Lasers!
Microchip (Solid State) laser!
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Non-Planar Ring Oscillator (NPRO)  
(T. Kane, R. Byer – Stanford U. -1984) 
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We have built a nonplanar ring oscillator with the resonator contained entirely within a Nd:YAG crystal. When
the oscillator was placed in a magnetic field, unidirectional oscillation was obtained with a pump-limited, single-
axial-mode output of 163 mW.
In this Letter, we describe a new solid-state laser de-
sign that achieves high single-mode output power by
using a unidirectional nonplanar resonator. Excellent
frequency stability is achieved because the ring reso-
nator is constructed from a single Nd:YAG crystal. We
refer to the design as a MISER (Monolithic Isolated
Single-mode End-pumped Ring) design. We developed
this source as an oscillator for a long-range coherent
Doppler anemometer.1 Other applications areas in-
clude coherent communications, coherent optical radar,
and inertial rotation sensing.
Ideally, a continuous-wave homogeneously broadened
laser should oscillate in a single axial mode. The laser
transitions in Nd:YAG are primarily phonon broadened,
so the assumption of homogeneity is met. However,
when a Nd:YAG laser is contructed with a standing-
wave linear resonator, the threshold of the second axial
mode is near that of the first. At the nulls of the
standing wave created by the initial axial mode, stim-
ulated emission does not take place, and the gain is not
saturated. This spatially modulated gain, termed
spatial hole burning, allows other axial modes to reach
threshold and oscillate.2
A unidirectional ring resonator has no standing wave,
and therefore spatial hole burning is eliminated. Much
higher single-mode power is available from a ring than
from a linear resonator even without the addition of
selective loss elements, such as 6talons. Successful
high-power, single-mode operation of unidirectional
rings has been achieved with arc-lamp-pumped Nd:
YAG oscillators 3 and with commercial dye lasers.4
Excellent frequency stability is possible when the
resonator of a Nd:YAG laser is monolithic, that is, when
it consists of reflective coatings applied directly to the
surfaces of the Nd:YAG. Even better stability is pos-
sible when the pump source of the laser is a laser diode
with stable output power. We recently reported a
laser-diode-pumped Nd:YAG rod laser that has a fre-
quency jitter in 0.3 sec of less than 10 kHz.5 Because
of spatial hole burning, output power in a single axial
mode has been limited to 8 mW.
The objective of this work is to combine the advan-
tages of ring lasers and monolithic lasers by constructing
a unidirectional resonator entirely internal to a single
crystal of Nd:YAG. The conventional way to design a
unidirectional laser is to include a polarizer, a Faraday
rotator, and a nonmagnetic polarization rotator, such
as a half-wave plate in the resonator. All three of these
functions, which together form an optical diode,6 are
incorporated into the MISER resonator design. As is
shown in Fig. 1, the resonator is a single block of Nd:
YAG incorporating four reflecting surfaces, which act
as mirrors. The front face is convex to provide reso-
nator stability and is coated to be a partially trans-
mitting output coupler. The other three faces are flat
and totally internally reflecting.
Most ring lasers use a resonator that is entirely within
a plane. There are sometimes advantages to a non-
planar geometry that are worth the greater complexity.
Dorschne at Raytheon has described a nonplanar he-
lium-neon ring laser that, when used as a gyroscope,
overcomes the problem of self-locking or lock-in. 7
Researchers in the Soviet Union have built nonplanar
Nd:YAG ring lasers and have studied the mode struc-
ture, temporal dynamics, and polarization of these la-
sers.8 Biraben9 suggested that single-mode dye lasers
Fig. 1. The MISER laser design. Polarization selection
takes place at the curved, partially transmitting face (point
A). At points B, C, and D, total internal reflection occurs. A
magnetic field H is applied to establish unidirectional oscil-
lation. Magnetic rotation takes place along segments AB and
DA. The focused pump laser beam enters the crystal at point
A, and the output beam emerges at the same point.
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Single-frequency Q-switched ring laser with an
antiresonant Fabry–Perot saturable absorber
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We passively Q switched a monolithic Nd:YAG ring laser [monolithic isolated single-mode end-pumped ring laser
(MISER)] using an evanescent-wave coupled antiresonant Fabry–Perot saturable absorber. Single-frequency,
0.7-mJ pulses with a pulse width below 100 ns at an ¯1-MHz repetition rate are demonstrated. Pulse width
and repetition rate can be varied by changing the distance and thus the coupling strength between the crystal
and the absorber.
Lasers for optoelectronic applications should be
compact, robust, and low maintenance. Monolithic
lasers such as a monolithic isolated single-mode end-
pumped ring laser1 (MISER), also called a non-
planar ring oscillator (Fig. 1), and various other
approaches2,3 have been successfully demonstrated
and may satisfy the requirements for many indus-
trial applications. For pulse generation, passive
techniques that use saturable absorbers have the
advantages of simplicity and potentially lower cost.
The use of semiconductor saturable absorbers in a de-
vice called the antiresonant Fabry–Perot saturable
absorber4,5 (A-FPSA) allows for the design of the
relevant parameters for pulse generation, such as
absorption wavelength, saturation intensity, impulse
response, and insertion loss.6 Both mode locking
and Q switching with an A-FPSA have been success-
fully demonstrated for many different types of solid-
state laser. Passive Q switching of a monolithic
laser can be done either by an evanescent-wave-
coupled saturable absorber7 or by direct attachment
of an intracavity saturable absorber.8
In this Letter we describe the passive Q switch-
ing of a cw-pumped single-frequency Nd:YAG MISER
by bringing the A-FPSA close to a total-internal-
reflection point of the laser cavity. This is to our
knowledge the first time thatQ switching of a MISER
has been demonstrated. Rigidly attaching the non-
linear mirror with fixed spacers would potentially
form a compact, quasi-monolithic device (Fig. 1).
The Nd:YAG MISER that we used has an axial
mode spacing of 6.0 GHz, a lasing wavelength of
1064 nm, and a geometrical size of approximately
0.2 cm 3 1 cm 3 1 cm. The resonator is formed in-
side the crystal by three total-internal-reflection sur-
faces (B, C, and D; Fig. 1) and a surface A that is
coated for high transmission at 809 nm and 2% out-
put coupling at 1064 nm. Applying a magnetic field
to the crystal leads to Faraday rotation in YAG,1
which forces the laser to operate unidirectionally.
By bringing an uncoated nonlinear semiconductor
reflector close (#1 mm) to one of the total-internal-
reflection points, we couple light through the evanes-
cent wave into the sample (Fig. 1). The uncoated
nonlinear semiconductor reflector is a saturable ab-
sorber layer with a thickness d of 0.6 mm grown
on a GaAsyAlAs dielectric mirror. The saturable
absorber band gap is designed for 1.06 mm and con-
sists of 50 pairs of InGaAsyGaAs multiple quantum
wells grown by molecular-beam epitaxy at low tem-
perature (300–400 ±C), which results in a carrier
recombination time tc ¯ 40 ps.6 We measured
a saturation fluence of the antireflection-coated
sample of E0sat ¯ 50 mJycm2, using 1.4-ps-long pulses
from a mode-locked Ti:sapphire laser.6 However,
because the carrier lifetime is much shorter than the
Q-switched pulse duration of ¯100 ns, the saturation
power P 0sat ≠ sE0satytcd A¯ 375 W and the evanescent-
wave coupling will determine only the onset of pas-
sive Q switching. The laser mode area A inside the
MISER is ¯3 3 1024 cm2.
The nonlinear reflector combined with the to-
tal internal reflection from the MISER acts simi-
larly to an intracavity A-FPSA, except that the
amount of light coupled into the device is deter-
mined by the evanescent wave, not by the dielectric
top reflector. The nonnormal incidence reduces the
finesse of the device. However, the A-FPSA per-
formance is not significantly degraded because the
saturable absorber is not strongly bleached and the
low-Q Fabry–Perot saturable absorber is operated
at antiresonance. The reflectivity of the equivalent
top mirror of the evanescent-wave-coupled A-FPSA
changes exponentially with the distance z between
Fig. 1. Layout of the MISER with an A-FPSA coupled
to a total-internal-reflection point and (at the right) a
schematic of the interface between the MISER and the
A-FPSA.
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Ultra-Stable Single Frequency Puls d DPSS Laser
Features
• Non-planar ring oscillator (NPRO) 
technology for ultra-stable operations
• Diffusion bonded, quasi monolithic 
cavity for ultra-stable emission
• Q-switched operation with Cr4+:YAG 
saturable absorber crystal
• Low noise control electronics
• User-installed, turn-key operation
Applications
• LIDAR applications
• Laser-based metrology (precision 
spectroscopy, velocimetry, optical 
ranging and time domain 
measurements)
• Seeding of high power lasers
• Nonlinear optics pump source 
(SHG, DFG, OPO)
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250 mW, 50 µJ at 5 kHz!
COMMERCIAL LASERS
Key Features • 1319 or 1064 nm outputs available
• Fiber-coupled output
• Proven nonplanar ring oscillator (NPRO) design
• Superior power stability
• Narrow linewidth
• Tunability
• Ease of use
• Ideal for OEM applications
The JDSU NPRO 125/126 diode-pumped lasers produce continuous-wave 
(CW), single-frequency output at either 1064 nm or 1319 nm.  Key features include 
fiber-optic or free-space output, narrow linewidth, low noise, frequency tunability, 
and adjustable power.
The NPRO 125/126 lasers are used for a variety of applications in ludi g 
fiber-optic sensing, coherent communic tions, remote antenna links, optical 
heterodyne, lidar oscillators, and passive sonar. 
At the heart of each NPRO 125/126 laser is the unique JDSU, monolithic NPRO 
laser c vity that delivers true single-frequency laser output. Since its init al 
development in 1985, NPRO technology has a record of reliability and top-level 
performance.
Amplitude noise for a typical NPRO 125/126 laser is <0.05 percent rms over the 
range from 10 Hz to 2 MHz, and less than −165 dB/Hz above 10 MHz (shot-noise 
limited). This performance is achieved by combining an inherently quiet laser 
oscillator with a noise reduction circuit, which effectively eliminates the laser’s 
natural relaxation oscillation.
NPRO lasers are built in a compact, OEM-friendly package with all necessary 
control electronics on the laser head to integrate easily with existing systems or 
new product platforms.
Applications
• Fiber optic sensing
• Coherent communications
• Remote antenna links
• Optical heterodyne
• Lidar oscillator 
• Passive sonar
 Continuous-Wave (CW) Single-Frequency IR Laser
NPRO® 125/126 S ries
NORTH AMERICA:  800 498-JDSU (5378) WEBSITE: www.jdsu.comWORLDWIDE: +800 5378-JDSU
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Space-qualified NPRO – Tesat Inc.  - Germany 
Flown on joint USA-German  
Laser communication NFIRE (USA-DoD) to TerraSAR-X (Germany) (2008)  
Tesat Inc. !
space-qualified !
NPRO!
PIONEERING WITH PASSION
©Tesat-Spacecom GmbH & Co.KG 2010
Gbps Laser Communication Operational In-Orbit !
13.05.2011 Laser Products, Dr. Robert Lange 2
NFIRE
TerraSAR-X
Data rate: 5.625 Gbps
Inter-satellite links
Space-to-ground links
Ground-to-space links
1 W Yb fiber amplifier!
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GRACE follow-on (Gravity Recovery And Climate Experiment) 
NASA-JPL 
–  Measurement of earth’s gravitational field!
–  Measurement of 1 nm variation in length 
over 100 sec and 50 km!
–  Required frequency noise: ~10Hz/rtHz (at 
1mHz~100mHz) after pre-stabilization!
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GRACE-FO Laser (Baseline)!
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Lunar Laser Communications 
Demonstration (LLCD) 
•  … 
• NASA’s first high rate (625 Mbps 
downlink -  20 Mbps uplink) space 
laser communications 
demonstration!
• Space terminal integrated on the 
Lunar Atmosphere and Dust 
Environment Explorer (LADEE)!
• Launched on 6 September 2013 
from Wallops Island on Minotaur V!
–  Completed 1 month transfer !
–  1 month lasercomm demo @ 400,000 km!
•  250 km lunar orbit!
–  3 months science!
•  50 km orbit!
•  3 science Payloads!
–  Neutral Mass Spectrometer!
–  UV Spectrometer!
–  Lunar Dust Experiment!
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LLCD diode oscillator/fiber amplifier  
MOPA laser transmitter 
(built by MIT-LL) 
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Possible geometry of a monolithic solid state laser in PTR glass doped with rare earth 
ions. 1 - rear-earth doped PTR-glass wafer; 2 – high efficiency VBG as a feedback 
coupler; 3 – low efficiency VBG as an output coupler; 4 - pumped volume in active 
PTR-medium; 5 - pumping beam from LD bars. 
Solid state monolithic laser  
with Volume Bragg Grating mirrors 
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Monolithic Yb:glass CW solid state laser 
Yb:PTR'Glass'
VBG'Mirrors'
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Making lasers with a laser  
photons, broad emission bands, and high emission and absorption cross sections [25] with the 
well-known splendid properties of YAG ceramics for laser applications [22]. As of yet, only 
Type-II stress-induced waveguides with the dual-line design have been successfully 
fabricated with ultrafast pulses laser [9,10]. Compared to Type II waveguides, one of the 
advantages of the normal cladding waveguiding structures is that the large scale cross 
sections match the commercially available multimode fibers (with diameters of 100-400ȝm), 
which in principle offers an opportunity to realize efficient fiber-waveguide laser systems 
with low costs. However, as a drawback, the cladding waveguide lasers generally cannot 
exhibit single-modal beam properties as Type-II waveguides due to the large diameters of the 
guiding structures [17–19,26]. In this work, we propose a novel design of double-cladding 
configurations fabricated by fs-laser inscription technique. The geometry is similar to the 
well-known double-clad fibers [27]. The large diameter pump beam may be efficiently 
coupled into the outer clad, and the waveguide lasers will generate only through the inner 
core. Under optical pumping, waveguide lasers at 1030 nm wavelength with efficient 
continuous wave output have been realized, showing single mode behavior. 
2. Experiments in details 
 
Fig. 1. (a) Schematic of fs-laser inscription process in Yb:YAG ceramics for the double 
cladding waveguides, and their cross sectional microscope images, which consist of tubular 
central structures with 30 ȝm diameter, and concentric larger size tubular claddings with 
diameters of (b) 200, (c) 150 and (d) 100 ȝm, respectively. 
The Yb:YAG ceramic sample (doped by 15 at. % Yb3+ ions, obtained from Baikowski Ltd., 
Japan) used in this work was cut into wafers with dimensions of 10 × 10 × 2 mm3 and 
optically polished. The double cladding waveguide structures were fabricated by utilizing the 
laser facilities at the Universidad de Salamanca, as schematized in Fig. 1(a). We used an 
amplified Ti:Sapphire laser system (Spitfire, Spectra Physics, USA) generating linearly-
polarized 120 fs pulses at a central wavelength of 800 nm (with 1 kHz repetition rate and 1 
mJ maximum pulse energy). The value of the pulse energy used to irradiate the sample was 
set with a calibrated neutral density filter, a half-wave plate and a linear polarizer. The sample 
was placed in a computer controlled motorized 3-axes stage. The beam was focused through a 
40 × microscope objective (N.A. = 0.65) at certain depth beneath the largest sample surface 
(dimensions of 10 × 10 mm2), and several tests at different pulse energies and scanning 
velocities were performed. Optical microscopy (in transmission mode) was used to evaluate 
the damage tracks produced in the sample and the final irradiation parameters were fixed to 
0.84 ȝJ of pulse energy. During the irradiation the sample was moved at a constant speed of 
500 ȝm/s in the direction perpendicular to the laser polarization and the pulse propagation 
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photons, broad emission bands, and high emission and absorption cross sections [25] with the 
well-known splendid properties of YAG ceramics for laser applications [22]. As of yet, only 
Type-II stress-induced waveguides with the dual-line design have been successfully 
fabricated with ultrafast pulses laser [9,10]. Compared to Type II waveguides, one of the 
advantages of the normal cladding waveguiding structures is that the large scale cross 
sections match the commercially available multimode fibers (with diameters of 100-400ȝm), 
which in principle offers an opportunity to realize efficient fiber-waveguide laser systems 
with low costs. However, as a drawback, the cladding waveguide lasers generally cannot 
exhibit single-modal beam properties as Type-II waveguides due to the large diameters of the 
guiding structures [17–19,26]. In this work, we propose a novel design of double-cladding 
configurations fabricated by fs-laser inscription technique. The geometry is similar to the 
well-known double-clad fibers [27]. The large diameter pump beam may be efficiently 
coupled into the outer clad, and the waveguide lasers will generate only through the inner 
core. Under optical pumping, waveguide lasers at 1030 nm wavelength with efficient 
continuous wave output have been realized, showing single mode behavior. 
2. Experiments in etails 
 
Fig. 1. (a) Schematic of fs-laser inscription process in Yb:YAG ceramics for the double 
cladding waveguides, and their cross sectional microscope images, which consist of tubular 
central structures with 30 ȝm diameter, and concentric larger size tubular claddings with 
diameters of (b) 200, (c) 150 and (d) 100 ȝm, respectively. 
The Yb:YAG ceramic sample (doped by 15 at. % Yb3+ ions, obtained from Baikowski Ltd., 
Japan) used in this work was cut into wafers with dimensions of 10 × 10 × 2 mm3 and 
optically polished. The double cladding waveguide structures were fabricated by utilizing the 
laser facilities at the Universidad de Salamanca, as schematized in Fig. 1(a). We used an 
amplified Ti:Sapphire laser system (Spitfire, Spectra Physics, USA) generating linearly-
polarized 120 fs pulses at a central wavelength of 800 nm (with 1 kHz repetition rate and 1 
mJ maximum pulse energy). The value of the pulse energy used to irradiate the sample was 
set with a calibrated neutral density filter, a half-wave plate and a linear polarizer. The sample 
was placed in a computer controlled motorized 3-axes stage. The beam was focused through a 
40 × microscope objective (N.A. = 0.65) at certain depth beneath the largest sample surface 
(dimensions of 10 × 10 mm2), and several tests at different pulse energies and scanning 
velocities were performed. Optical microscopy (in transmission mode) was used to evaluate 
the damage tracks produced in the sample and the final irradiation parameters were fixed to 
0.84 ȝJ of pulse energy. During the irradiation the sample was moved at a constant speed of 
500 ȝm/s in the direction perpendicular to he laser polarization and the pulse propagation 
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Fig. 7. Back-to-back photonic lantern throughput as a function of MM pitch for various 
injection F/# probed at 1.55 ȝm. 
5. Slit reformatting devices for diffraction-limited spectrographs 
An ideal application for photonic lantern is to convert the MM light into SM light and then 
reformat it into a slit to be directly injected into a spectrograph [21,27,28]. The slit 
reformatting device, which consists of a MM input, a transition section and isolated SM 
tracks which are remapped to a linear slit of SM waveguides is shown in Fig. 8(a). Figure 
8(b) shows a concept illustration of spectra produced from a multiple SM-waveguide slit as 
viewed on a CCD detector. The figure depicts the architecture for optimum detector 
sampling. 
 
Fig. 8. (a) A CAD model of a slit reformatting device for a diffraction-limited spectrograph. 
Three key regions are highlighted; the MM guide that collects the seeing-limited light from the 
focus of the telescope, the isolated SM guides and the slit formed from the SM guides. (b) 
Concept illustration of spectra viewed on a CCD detector produced by a long, thin, SM slit. 
The required sampling is at least 2.4 pixels per resolution element (here 3 pixels). A SM-
waveguide slit allows for optimum use of the detector area. 
5.1 The number of modes supported by the device 
Once the MM waveguides and transition type are optimized, the next major consideration is 
to ensure that the number of modes supported by each section of the slit reformatting device 
is the same. As shown in section 2.2 an efficient transition between the MM and SM sections 
can be achieved when the number of non-degenerate modes in the MM section is less than or 
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Abstract: There are numerous advantages to exploiting diffraction-limited 
instrumentation at astronomical observatories, which include smaller 
footprints, less mechanical and thermal instabilities and high levels of 
performance. To realize such instrumentation it is imperative to convert the 
atmospheric seeing-limited signal that is captured by the telescope into a 
diffraction-limited signal. This process can be achieved photonically by 
using a mode reformatting device known as a photonic lantern that 
performs a multimode to single-mode transition. With the aim of 
developing an optimized integrated photonic lantern, we undertook a 
systematic parameter scan of devices fabricated by the femtosecond laser 
direct-write technique. The devices were designed for operation around 
1.55 ȝm. The devices showed (coupling and transition) losses of less than 
5% for F/# ≥ 12 injection and the total device throughput (including 
substrate absorption) as high as 75-80%. Such devices show great promise 
for future use in astronomy. 
©2013 Optical Society of America 
OCIS codes: (120.6200) Spectrometers and spectroscopic instrumentation; (130.3120) 
Integrated optics devices; (140.3390) Laser materials processing; (350.1260) Astronomical 
optics. 
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Directly written optical waveguides - Results 
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0.4 mm 
Yb:YAG waveguide core, 40 µm thick, sandwiched by undoped YAG 
Planar Waveguide Amplifier for Power Scaling 
35 mm long laser amplifier for a 16 W laser at IR !
(~9 W in green – same as ATLAS laser)!
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Conclusions 
1
9
•  Traditional discrete component laser transmitters 
–  Large amount of optics and opto-mechanical parts 
–  Open cavity: more susceptible to contaminations 
–  Sensitive to misalignment  
•  Monolithic laser  
–  Single component cavity 
–  Closed cavity – less susceptible to contaminations 
–  Insensitive to misalignment 
–  Approach 1: “Bulk” monolithic laser 
•  Volume Bragg Grating with doped glass monolithic laser 
•  VBG recorded in glass using interference fringes 
–  Approach 2: Waveguide monolithic laser 
•  Use femtosecond laser as tool to generate waveguides and gratings; 
•  Directly written waveguide and gratings 
•  NASA needs US industry and University help in developing robust, 
monolithic high power lasers for future space laser instruments 
 
